SUMMARY
Basal ganglia (BG) circuits orchestrate complex motor behaviors predominantly via inhibitory synaptic outputs. Although these inhibitory BG outputs are known to reduce the excitability of postsynaptic target neurons, precisely how this change impairs motor performance remains poorly understood. Here, we show that optogenetic photostimulation of inhibitory BG inputs from the globus pallidus induces a surge of action potentials in the ventrolateral thalamic (VL) neurons and muscle contractions during the post-inhibitory period. Reduction of the neuronal population with this post-inhibitory rebound firing by knockout of T-type Ca 2+ channels or photoinhibition abolishes multiple motor responses induced by the inhibitory BG input. In a low dopamine state, the number of VL neurons showing post-inhibitory firing increases, while reducing the number of active VL neurons via photoinhibition of BG input, effectively prevents Parkinson disease (PD)-like motor symptoms. Thus, BG inhibitory input generates excitatory motor signals in the thalamus and, in excess, promotes PD-like motor abnormalities.
INTRODUCTION
Basal ganglia (BG) circuits orchestrate multiple motor functions-including action selection, patterning, and coordination (Redgrave et al., 2010 )-by modulating downstream motor areas, such as the thalamus and brain stem. BG act through two output pathways, the substantia nigra pars reticulata (SNr) and the medial globus pallidus (GPm, a homolog of GPi in primates) (Albin et al., 1989; DeLong, 1990; Kreitzer and Malenka, 2008) . Given that these two BG output nuclei mainly consist of inhibitory GABAergic neurons that fire at high frequency, inhibition of target neurons is considered the key mechanism underlying the impact of BG on motor functions (Cebriá n et al., 2005; Hikosaka et al., 2000; Parent and De Bellefeuille, 1982; Stephenson-Jones et al., 2016) . Consistent with this notion, a recent study showed that SNr output reduces the firing rate of a group of glutamatergic neurons in the mesencephalic locomotor region (MLR) of the brainstem and consequently suppresses locomotion (Roseberry et al., 2016) .
The ventrolateral thalamus (VL) relays excitatory motor signals to the motor cortex (Graybiel, 1990) and VL lesions lead to severe motor dysfunction in monkeys (Canavan et al., 1989; van Donkelaar et al., 2000) . VL receives inhibitory inputs from the GPm and SNr (Cebriá n et al., 2005; Parent and De Bellefeuille, 1982; Stephenson-Jones et al., 2016) , which are hypothesized to be increased in low dopamine conditions, such as Parkinson's disease (PD) and L-DOPA-responsive dystonia, to produce multiple motor abnormalities (Albin et al., 1989; DeLong, 1990; Nygaard et al., 1988) . However, because PD patients show abnormal bursting activity in the VL (Magnin et al., 2000) and considerable activity in the motor cortex (Goldberg et al., 2002) , the specific role of BG inputs to the VL during low dopamine conditions remains unclear.
Elucidation of this issue is a significant challenge because VL neurons also receive additional inhibitory inputs from zona incerta (ZI) and thalamic reticular nuclei (nRT) (Barthó et al., 2002; Kuramoto et al., 2009; Park et al., 2013; Pinault and Deschê nes, 1998) . Furthermore, the lack of a robust mouse model evincing the typically broad spectrum of PD-like motor behaviors has limited our ability to define the role of enhanced BG inputs in triggering motor dysfunction through the thalamocortical pathway (Chesselet and Richter, 2011) . Here, we used optogenetics to selectively perturb specific basal ganglia inputs (Boyden et al., 2005; Tye and Deisseroth, 2012) and concurrently examined cortical, muscular, and behavioral motor responses. To establish a link to PD-like motor abnormalities, we employed a mouse model of dopamine deficiency (sepiapterin reductase knockout [SPR-KO] ). Using these approaches, we uncovered a novel mechanism that enables inhibitory BG inputs to produce excitatory motor signals in the thalamus, which, in excess, mediate multiple PD-like symptoms.
RESULTS

Photoactivation of the GPm-VL Pathway Modulates Locomotion
To examine the functional impact of BG inhibitory input to the thalamus, we infected SNr or GPm neurons with an adeno-associated virus (AAV) vector harboring the gene for the light-activated cation channel channelrhodopsin-2 (hChR2) driven by the elongation factor 1a (EF1a) promoter ( Figure 1A ; Figure S1 ). Anterograde tracing of axonal targeting patterns, using the mCherry tag of hChR2, revealed that GPm inputs broadly innervate the VL, while SNr inputs are restricted to a subdomain of the VL area, as described previously (Cebriá n et al., 2005) . To determine the specific role of GPm-VL inputs, we photostimulated the axons of GPm neurons by illuminating (473 nm) the core area of the VL. Compared to mice infected with control virus expressing mCherry only, hChR2 mice displayed significantly less spontaneous locomotor activity in response to VL photostimulation, indicating hypokinesia. In contrast, photostimulation of VL inputs from SNr and other inhibitory inputs from the reticular thalamic nuclei (nRT) or zona incerta (ZI) had no significant effects on locomotion ( Figure S2 ). These results clearly indicate that the GPm-VL circuit is critical for the suppression of locomotion and plays a unique role compared to other inhibitory inputs to VL.
Photoactivation of the GPm-VL Pathway Induces Motor Responses through Muscular Contraction
To examine whether the GPm-VL circuit affects the generation of motor signals, we applied electromyography (EMG) to measure muscular activity ( Figure 1C ; Movie S1). Shortly after photostimulation of GPm-VL inputs, muscle contractions occurred. The magnitude of this activity varied with the frequency of photostimulation ( Figure 1C ) and light pulse duration ( Figure S3A ). Photostimulation at 1 Hz reliably evoked muscle twitches ( Figure 1C ). In contrast, low-frequency (5 Hz) trains of light flashes induced tremor-like activity at the same frequency (green arrowheads in Figure 1C ), whereas high-frequency trains (20 Hz)-mimicking the frequency of GPm oscillations observed in PD (Hammond et al., 2007) -induced both high-frequency muscle activity (red arrowheads in Figure 1C , yellow EMG signals in Figure 1D ) and low-frequency tremor activity (green arrowhead in Figure 1C , red and green EMG signals in Figures 1D and S3B ). The high-frequency muscle activity may reflect muscular rigidity, a state of continuous contraction (Krahn et al., 2000; Turski et al., 1984) . To test the degree of rigidity, we examined the ability of mice to hold onto a bar (Kobayashi et al., 1997) . During 20 Hz photostimulation, the latency of spontaneous bar release was significantly delayed compared to the performance observed without photostimulation, indicating rigidity ( Figure 1E , right). These results signify that GPm inhibitory input to VL alone is sufficient to trigger signals for muscle contraction, potentially leading to various motor responses, including suppressed locomotor activity, tremor, and rigidity.
GPm-VL Inputs Induce Inhibition and Rebound Firing in VL Neurons by Activating T-Type Ca 2+ Channels
To identify the neural correlates of these motor responses, we monitored the activity of neurons in VL and motor cortex (M1), as well as muscle activity during photostimulation of the GPm-VL input (Figure 2A ; Figure S5A ), in behaving wild-type (WT) mice. Activation of GPm-VL inputs (blue bars in Figure 2A ) led to the expected inhibition of VL neurons during light flashes (Figure 2A, top row) . However, at the end of each light flash, VL neurons showed a surge of action potentials ( Figure 2A , top row). This rebound firing was accompanied by increased activity in M1, as evident from local field potentials (LFPs; Figure 2A , second row), and muscle responses, indicated by enhanced EMG activity in neck and arm muscles ( Figure 2A , third and fourth rows). These results support the possibility that activation of GPm-VL inhibitory synapses induces rebound excitation of VL neurons, which, in turn, stimulates the motor cortex and causes muscle contraction.
To determine the molecular basis underlying the rebound firing produced in VL neurons by GPm inputs, we utilized mice lacking the Ca V 3.1 gene (Ca V 3.1-KO), which encodes the a1 subunit of T-type Ca 2+ channels known to be critical for inducing rebound burst firing in response to inhibition (Kim et al., 2001; McCormick and Pape, 1990) . Consistent with previous observations in the sensory thalamus (Kim et al., 2001) , VL neurons in ex vivo brain slices from mice exhibited no low-threshold burst spikes following membrane hyperpolarization ( Figure S4 ). When GPm inputs were photostimulated in vivo, Ca V 3.1-KO neurons showed robust inhibition ( Figure 2C ) but significantly diminished rebound firing, compared with WT neurons ( Figure 2B ). Remarkably, absolutely no muscular responses were observed (Figure 2B ; Movie S2) under various photostimulation conditions ( Figure S3A ). The activity of VL neurons in Ca V 3.1-KO mice consistently showed lower correlations with both M1 and muscular activity, relative to WT neurons (Figures 2A and 2B; Figures S3C and S3D) . Based on these findings, we propose that GPm-VL inhibitory synapses induce excitatory motor signals by activating T-type Ca 2+ channels.
Intact Inhibition-Induced Oscillations of VL Neurons in Ca V 3.1 KO Mice Inhibition-induced oscillations have been suggested to be one of the main indicators of BG dysfunction. PD patients show abnormal thalamic oscillations at theta and beta frequencies that are transferred from the basal ganglia (Brown et al., 2001; Volkmann et al., 1996) . Because T-type Ca 2+ channels (Ca V 3.1) mediate the oscillatory behavior of thalamic neurons (Kim et al., 2001; von Krosigk et al., 1993) , one may hypothesize that rhythmic photostimulation of GPm-VL neurons in (legend continued on next page) Ca V 3.1-KO mice would yield no motor dysfunction due to the absence of oscillations in VL neuron activity. However, VL neurons in Ca V 3.1-KO mice exhibited a robust oscillatory response to rhythmic inhibition ( Figure 2B ) that was quantitatively similar to that in WT mice ( Figures S5B-S5D ). This leads us to conclude that inhibition-induced oscillations of VL neuronal activity produced by GPm inputs cannot explain the lack of motor response in Ca V 3.1-KO mice.
The Motor Signal Depends on the Number of VL Neurons that Generate Rebound Firing in Response to Inhibition To gain further insight into how VL neurons induce motor signals in response to GPm inhibitory input, we analyzed the time course of action potential firing in VL neurons in response to photostimulation of GPm input. WT neurons evoked a surge of rebound firing within 200 ms of the post-inhibitory period that exceeded the firing rate measured prior to inhibition in multi-units (Figure 2D, left and right) . In contrast, Ca V 3.1-KO neurons lacked this early-onset rebound firing and slowly regained baseline activity more than 200 ms after photostimulation (p < 0.05; Figure 2D, center and right; Figure S6A ).
We initially considered the possibility that the temporal pattern of spiking or excitability of individual VL neurons could explain the motor response evoked by activation of BG inputs. One candidate mechanism is low-threshold burst firing, which consists of multiple action potentials at 200-400 Hz that serve as a strong motor signal (Park et al., 2010; Volkmann et al., 1996) . Ca V 3.1-KO VL neurons lack low-threshold burst spikes (Figure S4) , and these mice do not show photostimulation-induced motor abnormalities (Figures 2B and 2C ; Figure S3 ). However, single-unit recordings revealed that low-threshold burst spikes were rare during the rebound firing induced by various photostimulation conditions in WT mice ( Figures S6D and S6E ). In addition, in WT mice, most motor responses were associated with rebound firing that lacked low-threshold burst spikes (Figure S6F) . This indicates that low-threshold burst spikes are not involved in the generation of motor signals during GPm-VL photostimulation.
Next, we tested the possibility that the firing rate of a WT neuron is higher than a KO neuron during the post-inhibitory period. Our data showed no significant differences in the peak firing rate ( Figures 2E and 2F ) or in the average firing rates of individual VL neurons between the two genotypes in the postinhibitory period ( Figure S6B ). Instead, individual WT neurons reached a peak firing rate faster than KO neurons (LP50 for WT = 187 ms; LP50 for KO = 362 ms), so that a greater portion of neurons showed peak firing within 200 ms of the post-inhibitory period (78% for WT versus 14% for KO) (Figure 2G; Figure S6C) . These results suggest that the early-onset surge of rebound excitability, which might be critical for motor response induced by GPm-VL photostimulation, seems to depend on the number VL neurons with rebound firing rather than lowthreshold burst spikes or averaged firing rate of individual neurons.
T-Type Ca
2+ Channels Facilitate Rapid Repolarization of Membrane Potentials to Generate Early-Onset Firing To obtain detailed mechanistic information on how individual VL neurons produce early-onset rebound firing independently from low-threshold burst spikes, we performed whole-cell patchclamp recordings in VL slices to obtain high-resolution measurements of electrical activity in single neurons (Figure 3) . First, we investigated the properties of GPm-to-VL synaptic transmission. Photostimulation of GPm input induced inhibitory postsynaptic potentials (IPSPs) in VL neurons ( Figure 3A , left). IPSPs were abolished by the GABA A receptor antagonist bicuculline, indicative of GABAergic neurons ( Figure S7A ). We observed no significant differences between WT and Ca V 3.1-KO VL neurons in terms of mean IPSP amplitude ( Figure 3A , right) or the fraction of VL neurons exhibiting IPSPs in response to photostimulation ( Figure 3A , middle). These results indicate that GPm-VL inhibitory synaptic transmission is not altered in Ca V 3.1-KO mice.
Next, we examined the intrinsic firing properties of VL neurons. To mimic GPm-mediated inhibition in vivo, we injected a hyperpolarizing current pulse (100 ms duration) into VL neurons at a resting membrane potential of approximately À55 to À60 mV ( Figure 3B ). In every trial, WT neurons reproducibly exhibited single spikes soon after ($70 ms) the end of hyperpolarization. The timing of these early-onset spikes was replicated in many individual neurons, even in recordings obtained from different thalamic slices ( Figure 3C ). Blocking T-type Ca 2+ channels with nickel (Ni
2+
; Figures S7B-S7E) did not significantly alter neuronal intrinsic properties ( Figure S7F ) or firing rate ( Figure S7G ). However, Ni 2+ treatment did produce a delay in early-onset spikes ( Figure 3D , top left), which became much more irregular ( Figure 3D , bottom left). As a result, rebound spikes occurred within a narrow time window (<200 ms) after application of the hyperpolarizing inhibitory stimulus in WT neurons but were delayed and dispersed in Ni
-treated neurons ( Figure 3E ; Figure S7H) . Ni 2+ treatment recapitulated the differences in postinhibitory firing activity between WT and Ca V 3.1-KO neurons observed in vivo (compare to Figure 2G ). Additionally, similar delays in the timing of early-onset spikes were observed in KO neurons ( Figure 3D , right). The delay in onset of post-inhibitory spikes caused by Ni
( Figures 3B-3E ) may arise from delayed recovery of membrane potential after inhibition. This recovery rate determines the timing of action potential firing and is dependent on T-type Ca 2+ channel activity, because it was slowed by Ni 2+ ( Figure 3F ). Thus, in VL neurons, rapid recovery from inhibition depends on Ca 2+ influx through the Ca V 3.1 channel. Furthermore, this recovery facilitates induction of rebound firing from many VL neurons within a narrow time window, thus yielding a higher excitatory output from the thalamus. Figure 4A ). In response to brief photostimuli (<5 ms), WT mice exhibited a robust reduction in the firing rate of VL neurons but failed to show rebound firing or muscular responses (Figure 4A, left) . In contrast, flashes 25 ms or longer efficiently induced muscular responses (blue arrows) accompanied by VL neuron inhibition and a greater amount of rebound firing that peaked approximately 170 ms after application of the photostimulus (red arrowheads in Figure 4A ). In Ca V 3.1-KO mice, photostimulation of GPm-VL synapses reduced the firing rate during the stimulus but did not induce significant rebound firing or muscular responses (asterisks in Figure 4A , right). We additionally compared behavioral responses during photostimulation of GPm-VL synapses between WT and Ca V 3.1-KO mice. While WT mice showed decreased locomotor activity and tremor-like behaviors, as illustrated in Figure 1 , Ca V 3.1-KO mice were resistant to the generation of multiple motor abnormalities ( Figure 4B ). These data strongly suggest that early-onset rebound firing within 200 ms after inhibition, mediated by Ca V 3.1, functions as the thalamic motor signal. To further test this suggestion, we designed an optogenetic experiment in which rebound firing was inhibited during specific time windows ( Figure 4C , left). For this purpose, Halorhodopsin (eNpHR3.0), a light-dependent chloride pump, was expressed in WT mice, under the control of the CamKIIa promoter, to facilitate photoinhibition of VL neurons, while hChR2 was expressed in GPm to allow photostimulation of GPm inhibitory inputs to the VL. Histological analysis revealed that $50% of thalamic neurons expressed eNpHR3.0 ( Figure 4C , right). With this arrangement, 473 nm light (blue rectangles in Figure 4D ) was applied to activate GPm-VL inputs and 561 nm light (green rectangles in Figure 4D ) was used to inhibit postsynaptic activity during either the early or the late post-inhibitory period ( Figure 4D ). While photoactivation of GPm-VL inputs robustly induced muscular contractions ( Figure 4D , left), this motor response was abolished by postsynaptic photoinhibition during the early (<200 ms) post-inhibitory period ( Figure 4D , middle, and 4E). In contrast, photoinhibition >200 ms after activation of GPm input had little effect, allowing robust motor responses similar to controls ( Figure 4D , right, and 4E). These results suggest that the motor signal induced by the GPm input depends on very shortterm integration of firing rather than long-term integration or the average firing rate. Thus, the number of neurons that evoke rebound firing with similar timing within the first 200 ms post-inhibition controls the amount of excitatory output from the VL.
We further investigated whether rebound firing mediates the hypokinesia produced by activating GPm inputs to VL. Rhythmic photostimulation of the inputs via blue light (473 nm) induced a significant reduction in locomotion (Figure 4F , left; Movie S3) similar to the results shown in Figure 1B . However, pairing photostimulation of GPm inhibitory inputs with photoinhibition of VL neurons via green light (561 nm) efficiently restored locomotion activity (Figure 4F , right; Movie S3). These results strongly support the conclusion that multiple motor dysfunctions arise from excess rebound excitation of VL neurons.
Photostimulation of GPm Inputs to the Brainstem Is Not Involved in VL-Related Motor Dysfunction
The CaV3.1 gene is expressed in brain areas other than the thalamus, and collateral branches of some GPm neuron axons also project to other brain areas, such as the pedunculopontine nucleus (PPN) in the brainstem (DeVito and Anderson, 1982; Parent and De Bellefeuille, 1982; Parent et al., 2001; Shink et al., 1997) . Therefore, the loss of motor responses in KO mice could be caused by alterations in neural activity in regions other than the thalamus. We selectively deleted the Ca V 3.1 gene in the thalamus by crossing serotonergic transporter-Cre (5HTT-Cre) transgenic mice (Arakawa et al., 2014) with LoxP-flanked Ca V 3.1 (floxed Ca V 3.1) mice ( Figure S8A ). In these mice, Cre recombinase activity was lacking in the other motor areas, including the motor cortex and PPN, so Ca V 3.1 expression should be unaffected in these areas ( Figure S5E ; STAR Methods). Photostimulation of GPm inputs reduced rebound firing in VL neurons of the thalamus-specific KO mice ( Figure S8B ). Similar to Ca V 3.1-KO mice, the thalamus-specific KO mice also showed no motor dysfunction ( Figures S8C and S8D ). These results indicate a critical role for Ca V 3.1 in the thalamus.
Given that the BG send inhibitory outputs via the GPm and SNr to the brainstem, particularly the MLR that includes the PPN (Cebriá n et al., 2005; Parent and De Bellefeuille, 1982; Roseberry et al., 2016) , we further examined the impact of GPm outputs to PPN ( Figure S9A ). Photoactivation of GPm inputs to the brainstem enhanced rotation behavior ( Figure S9B ; Movie S4), a phenotype induced by hemispheric activation of locomotion. In addition, no significant changes in rigidity or hypokinesia were evident (Figures S9C and S9D Movie S4). These results indicate that the multiple motor abnormalities induced by photostimulation of GPm inputs to VL are not due to inhibition of the brainstem neurons that also receive GPm inputs.
Dietary Supplementation Rescues Motor Abnormalities
Resulting from Dopamine Deficiency in SPR-KO Mice Our results thus far indicate that excess rebound excitation in VL thalamus is sufficient to cause multiple motor abnormalities. We next investigated whether this thalamic mechanism is altered (F) Fold changes in peak firing rate after inhibition measured using SUA and MUA (SUA, WT, n = 23/36; SUA, KO, n = 21/30; p = 0.690, Mann-Whitney rank sum test; MUA, WT, n = 35; MUA, KO, n = 18; p = 0.009, Mann-Whitney rank sum test). Greater spiking activity during the post-inhibitory period was observed in WT mice with MUA, but not SUA. (G) Comparison of cumulative response probability (percentage of total neurons recorded) based on latency to peak rebound firing rate for WT and KO mice. LP 50 is the time at which 50% neurons exhibit peak rebound firing. Distribution of neurons by latency to reach peak firing rate after GPm-VL photostimulation was different between WT and KO groups (473 nm, 1 Hz, 50 ms pulse width; WT, n = 23, KO, n = 21; p = 0.027, Kolmogorov-Smirnov test with kernel density estimation). All bars represent means ± SEM (*p < 0.05; n.s., not significant). (C) Raster plots of action potentials after hyperpolarization by injection in thalamic slices from WT mice. Each horizontal line indicates an individual neuron. Gray box, 100 ms hyperpolarization; red arrows, first spike after hyperpolarization. Note that early spikes are delayed following Ni 2+ treatment.
(D) Top: latency to first spike before and after Ni 2+ treatment (n = 10; p = 0.002, Wilcoxon signed-rank test) and between WT and Ca V 3.1-KO neurons in brain slices (WT, n = 7; KO, n = 8, p < 0.001, Mann-Whitney rank sum test). Bottom: onset variation (SD) of the first spike before and after Ni 2+ treatment (n = 10; p = 0.002, Wilcoxon signed-rank test) and between WT and Ca V 3.1-KO neurons in brain slices (WT, n = 7; KO, n = 8, p < 0.001, Mann-Whitney rank sum test).
(legend continued on next page) during PD-like motor abnormalities. For this purpose, the GPm-VL circuit was examined in a mouse model of dopamine deficiency, specifically, SPR-KO mice. SPR catalyzes the synthesis of tetrahydrobiopterin (BH4), a cofactor for tyrosine hydroxylase, the rate-limiting enzyme in the synthesis of dopamine. The SPR gene is linked to a locus for familial Parkinson's disease (PARK3) of unknown genetic identity. Mutations in SPR are associated with L-DOPA-responsive dystonia, which is characterized by PD-like motor dysfunction, including akinesia, rigidity, and tremor (Abeling et al., 2006; Lohmann et al., 2012; Sharma et al., 2006 Sharma et al., , 2011 . Similarly, SPR-KO mice show motor abnormalities (Yang et al., 2006) . However, their short lifespan (2-3 weeks) and severe health problems have limited analysis of their behavior and underlying circuitry.
To improve the survivability of SPR-KO mice, we supplemented their daily diet with BH4, which extended their lifespan to old age. Older-aged KO mice had fewer dopaminergic axon fibers ( Figure S10A ) and lower striatal dopamine levels compared with WT mice ( Figure S10B ). After cessation of BH4 feeding, mice rapidly (within 24 hr) developed severe motor impairment, including akinesia, gait disturbance, tremor, and rigidity (Figures S10C-S10F; Movie S5). Except for rigidity, all these motor problems were ameliorated by the administration of L-DOPA, a standard treatment for PD ( Figures S10C-S10F ). These results indicate the utility of SPR-KO mice with BH4 dietary supplementation as a reliable and reversible model of dopamine deficiency for analysis of PD-related neural circuitry.
SPR-KO Mice Not Administered the BH4 Diet Show Enhanced Rebound Firing
Given that SPR-KO mice exhibit PD-like motor abnormalities ( Figure S10 ), we examined VL neuronal activity via multi-unit recording in vivo ( Figure S11 ). As reported in PD patients, and evident in responses to photostimulation of GPm-VL in WT mice (Figure 2 ), SPR KO neurons showed a reduction in VL average firing rate (Figures S11A and S11B) and enhanced oscillatory activity (Figures S11A and S11C).
To measure spontaneous rebound activity, we detected spontaneous inhibition as a decrease in neuronal firing rate to a level 50% lower than the baseline frequency (STAR Methods). After detecting such epochs of inhibition, we aligned multi-unit spikes in time for the 50 ms preceding (pink shading in Figure 5A ) and following the inhibitory event ( Figures 5A and 5B) . Consistent with the response of VL neurons to photostimulation of GPm inputs (Figures 2A and 2D ), inhibitory events in WT mice were followed by rebound firing (red arrowheads in Figure 5A , left). Rebound firing was dramatically greater in SPR-KO mice (red arrowheads, Figure 5A , right), particularly within the first 200 ms after inhibition ( Figure 5B ). The intrinsic properties of VL neurons in SPR-KO mice were not significantly different from those of WT neurons, as measured by their ability to induce tonic and low-threshold burst spikes in brain slices (Figure S12) . Instead, increased rebound firing appears to depend on greater inhibitory drive to the VL. Thus, a dopamine-deficiency-induced inhibition appears to evoke rebound firing in a PD-like mouse model.
To address the role of GPm-VL inputs in the spontaneous rebound firing observed in SPR-KO mice, GPm was infected with an AAV harboring eNpHR3.0 under the control of the EF1a promoter. Illumination with green light (532 nm) was used to photoinhibit GPm inputs, and multi-unit recordings were used to determine the effects of photoinhibition ( Figure 5C ). Such photoinhibition of GPm inputs to VL substantially reduced rebound firing in KO mice ( Figure 5D ). Treatment with ethosuximide (ETX; i.p. 150 mg/kg), a blocker of T-type Ca 2+ channels, also reduced spontaneous rebound firing of VL neurons in SPR-KO mice (Figures S11D and S11E), suggesting that, in a dopamine-deficient state, GPm inhibitory input mediates rebound firing in the VL via T-type calcium channels.
GPm-VL Inhibitory Inputs Mediate Motor Defects in SPR-KO Mice
To assess the impact of GPm inputs on the motor deficits of SPR-KO mice, we first performed a loss-of-function optogenetics experiment (Olsen et al., 2012; Stuber et al., 2011) by photoinhibiting the GPm-VL pathway. Photoinhibition of GPm inputs to the VL rescued the locomotor defect of SPR-KO mice, allowing free movement ( Figure S10C ) (25% ± 16% versus 29% ± 10% for WT). Photoinhibition of GPm-VL inputs also decreased the latency to release a horizontal bar by >35%, indicating efficient reversal of muscular rigidity ( Figure 5F ; Figure S10D ). The most significant change observed was a >50% reduction in tremor activity ( Figure 5G ; Figure S10E ). Furthermore, the abnormal motor functions of SPR-KO mice were ameliorated by reducing rebound firing via either administration of ETX ( Figure S11F ) or VL-specific knockdown of the Ca V 3.1 gene with targeted short hairpin RNA (shRNA; Figure S11G) . Taken together, these results indicate that GPm inputs mediate a powerful rebound excitation of VL neurons, which underlies multiple forms of PD-like motor dysfunction in SPR-KO mice.
Rebound Excitability of VL Neurons in Normal Conditions
Having established that excess rebound excitation plays an important role in motor dysfunction of dopamine-deficient SPR-KO mice, and that suppression of rebound firing rescues the PD-like motor impairments of these mice, we recorded VL (E) Distribution of neurons classified by latency to first spike onset after photostimulation (ACSF, n = 10; NiCl 2 , n = 10; p < 0.001, Kolmogorov-Smirnov test with kernel density estimation). Black and red dotted lines show cumulative response probability (percentage of total neurons recorded) by latency to first spike onset. The results suggest that T-type Ca 2+ channels promote earlier rebound firing.
(F) Left: representative rebound slope before and after Ni 2+ treatment in brain slices. Right: differences in membrane potential before versus after Ni 2+ treatment (ACSF, n = 10; NiCl 2 , n = 10; p < 0.05, repeated-measures two-way ANOVA). WT, black; KO, red. Activation of T-type Ca 2+ channels enhances repolarization, facilitating early rebound firing. All bars represent means ± SEM (*p < 0.05; n.s., not significant). neuron activity in WT mice to determine whether rebound firing also occurs in physiological situations ( Figure 6 ). Initially, we compared the movement-related activity of VL neurons in WT mice during the natural transition between resting and running ( Figure 6B ). Selectivity index values were determined based on the firing rates associated with specific movement states (No-go versus Go; see STAR Methods) and subsequently sorted in descending order. Nearly all thalamic neurons (94%) exhibited state-dependent changes in their activity. The majority of neurons displayed a higher firing rate during the Go than No-go state. This relationship was most apparent during transitions between the two states ( Figure 6B ) and is consistent with a rate-coding model, namely that a decrease in the average firing rate of VL neurons is associated with reduced locomotion.
Next, we examined rebound firing during different behavioral states by aligning the recordings of multi-unit spikes for 50 ms preceding and following each inhibitory event, which again was defined as a 50% or greater reduction in baseline firing frequency. Comparison of VL neuronal activity during four behavioral states ( Figure 6C ) revealed the strongest rebound firing during the No-go state (asterisk in Figure 6C , left), occurring approximately 1-5 times/s ( Figure 6D ). The normal incidence of rebound firing was significantly lower than in the dopamine-deficient state ($40%, Figure 5B ), indicating the involvement of a smaller number of neurons involved in rebound firing in these mice compared to WT mice. Given that rebound firing of thalamic neurons activates muscles (Figures 2 and 4) , the spontaneous rebound firing observed in WT mice may also stimulate the muscle activity required for maintaining their posture on a running wheel during the resting state. The PD-like symptoms observed in SPR-KO mice may arise from increased rebound firing of neurons and subsequent dysfunctional muscle movement ( Figure 5 ; Figure S11 ). This hypothesis is consistent with the observation that PD symptoms are more severe during the resting state (Gelb et al., 1999; Lang and Lozano, 1998) .
Decreased firing of VL neurons potentially involves a reduction in motor activity, and additional induction of post-inhibitory excitation stabilizes this ''standstill'' by inducing sufficient muscle tension. However, excessive rebound firing may trigger pathological conditions that interfere with voluntary motor control, such as akinesia, rigidity, and tremor.
DISCUSSION
The role of the BG-thalamocortical circuit has been delineated according to the synapse types that mediate connections between constituent regions, i.e., excitatory or inhibitory synapses (Bar-Gad et al., 2003; Graybiel, 1990; Saunders et al., 2015) . The basal ganglia provide inhibitory synaptic inputs to the thalamus, which are expected to reduce motor signals relayed to the cortex. Here, we paradoxically observed that an inhibitory synaptic input from the BG, specifically from GPm, is able to induce an excitatory motor signal in thalamic neurons (Figures 1, 2, 3 , and 4). Excess excitatory motor signals can lead to multiple motor problems that account for the contribution of the BG downstream circuit to dopamine deficiency disorders ( Figures  5 and 6) . This relationship between inhibitory GPm input and excitatory thalamic output suggests that the conventional view of the role of basal ganglia inhibitory input to the thalamus should be re-evaluated, particularly for developing new therapeutic interventions for dopamine deficiency, with a shift in focus toward post-inhibitory rebound excitation rather than inhibition of excitability per se.
Two BG Output Pathways Modulate Different Circuit Mechanisms GPm and SNr neurons send descending projections to the thalamus and brainstem with different spatial patterns. While the SNr sends more inputs to the MLR regions of the brainstem, GPm axons project heavily to the VL ( Figure S1 ) (Cebriá n et al., 2005; Hikosaka et al., 2000; Kreitzer and Malenka, 2008; Parent et al., 2001) . The SNr-MLR pathway is reported to exert a strong impact on locomotion through modulating glutamatergic neurons in the MLR (Antal et al., 2014; Roseberry et al., 2016; Stefani et al., 2007) , which may explain the hypokinetic state observed in BG-related disorders. Here, we have shown that GPm input to the VL thalamus has a stronger impact on motor function than SNr input ( Figure S2 ). Consistent with this finding, an earlier study reported that SNr does not induce rebound excitation with hyperpolarization in a thalamic slice in vitro (Edgerton and Jaeger, 2014) .
Given that the activity of GPm input to VL (measured by rebound firing) is increased when action stops (Figures 2  and 6 ) and photostimulation of this input causes cessation of action (Figure 1) , we proposed that GPm input to VL contributes to locomotion. However, the mechanism involved appears to be different from that of the SNr-MRL pathways. A number of studies have suggested that these two BG circuits (striato-pallidal and striatonigral pathways) are complementary to each other in adaptive action control, acting via modulating initiation of action and abortion of the previous action, respectively (Cui et al., 2013; Jin et al., 2014) . Thus, it is plausible that while the SNr-MRL pathway modulates locomotion activity, the GPm-VL pathway effectively terminates actions requiring locomotion by inducing excitatory firing in the thalamus. This cessation signal appears to depend on the number of VL neurons that fire with similar timing. Collectively, our findings suggest that the two BG projections within the thalamus play different roles in motor (D) Representative EMG responses to photoinhibition of VL somata with photoactivation of GPm-VL synapses. Left: photoactivation of GPm-VL synapses with no photoinhibition of VL somata (None). Middle: photoinhibition of VL somata within 200 ms GPm-VL pathway photoactivation (Early). Right: photoinhibition of VL somata during 250-500 ms after GPm-VL pathway photoactivation (Late). (E) Statistical comparison of muscle activation (n = 3; None versus Early, p = 0.025, paired t test; Early versus Late spikes, p = 0.014, paired t test; None versus Late spikes, p = 0.932, paired t test). (F) Left: quantification of the effect of GPm-VL photostimulation with blue light on locomotion (n = 4; p = 0.0197, paired t test). Right: quantification of the dual stimulation effect with blue light (for activating hChR2 in axon terminals from GPm to VL thalamus) and green light (for activating eNpHR3.0 in VL somata) on locomotion (n = 4; p = 0.907, paired t test). All bars represent means ± SEM (*p < 0.05; n.s., not significant). A) Raster plots depicting increased spiking activity of VL neurons in WT and SPR-KO mice following spontaneous inhibitory events. Pink box, the 50 ms epoch preceding the spontaneous inhibitory event; red arrows, rebound firing after the spontaneous inhibitory event.
(B) Quantification of spikes (Z score) following spontaneous inhibitory events in VL neurons of anesthetized WT and SPR-KO mice (comparing peak firing rate, WT, n = 11; KO, n = 11; p = 0.006, two-tailed t test). A.U., arbitrary unit. (C) Left: experimental scheme for photoinhibition of GPm-VL synapses while recording the activities of VL neurons in anesthetized WT and SPR-KO mice. Right: expression of eNpHR3.0 protein in somata of GPm neurons (top) and their axon terminals in the VL thalamus (bottom). Scale bars, 60 mm (GPm) and 100 mm (VL). (D) Left: multi-unit and single-unit activity of VL neurons in SPR-KO mice following spontaneous inhibitory events before and after photoinhibition of GPm-VL synapses. Green rectangle, 532 nm continuous light for GPm photoinhibition; scale bar, 2 s. Right: fold change in rebound spiking activity following spontaneous inhibitory events (peak firing rate/basal firing rate) without (black, OFF) and with (green, ON) GPm-VL photoinhibition (n = 5, p = 0.039, paired t test).
(legend continued on next page) control, although both GPm and SNr appear critical in PD pathophysiology.
Inhibitory Synapse Induces Excitatory Motor Signals in the Thalamus
Rebound firing of thalamic neurons may explain how basal ganglia contribute to multiple types of motor dysfunction. In conventional inhibition-based models, neuronal inhibition by basal ganglia inhibitory inputs is a critical event in impairment of motor function. Indeed, the overall firing rate of VL neurons in response to GPm inputs was decreased in our optogenetic PD-like model (Figure 2) , and this reduction correlated with reduced locomotion (Figure 6 ). However, our experiments showed that induction of additional rebound excitation following inhibition intensified the hypokinetic state (Figures 2 and 4) . In support of this hypothesis, dampening of rebound firing via photoinhibition of postsynaptic VL neurons or knockout of Ca V 3.1 channels significantly ameliorated akinesia induced by GPm inhibitory inputs.
Second, rebound excitation of thalamic neurons is associated with abnormal muscular activation, including rigidity and tremor. Given that VL thalamic neurons are somatotopically arranged and send excitatory outputs to the motor cortex (Kha et al., 2001; Vitek et al., 1994) , increasing the number of neurons exhibiting rebound firing could increase muscular contractions throughout the body. Under normal conditions, this mechanism may contribute to the maintenance of muscle tension and rigidity against gravity during resting postures (El-Rich et al., 2004; Forssberg and Hirschfeld, 1994; Horak and Nashner, 1986; Ting and McKay, 2007) . However, in dopamine-deficient conditions, this mechanism appears to be potentiated and leads to tremor and rigidity (Figures 4 and 5) .
A Novel Role for T-Type Ca 2+ Channels in Motor Pathways
Enhanced beta/theta oscillations in BG-thalamocortical loops have long been implicated in the etiology of PD (Brown et al., 2001; Eusebio et al., 2011) . These pathological oscillations arise in the basal ganglia and propagate to the thalamus via inhibitory synaptic transmission, which subsequently interferes with the normal processing of motor information. Indeed, in a 6-hydroxydopamine model of PD, administration of T-type Ca 2+ channel blockers reduces low-threshold burst firing and oscillations in the subthalamic nuclei (STN) and behavioral dysfunction (Tai et al., 2011) . These intra-BG oscillations are propagated to the thalamus via inhibitory synaptic transmission and could contribute to the generation of motor symptoms. However, data from our study suggest that motor dysfunction occurs independently of low-threshold burst firing ( Figure S6 ) or neuronal oscillations in the thalamus ( Figure S5 ). In support of this finding, the timing of low-threshold burst firing in thalamic neurons does not coincide with motor responses in PD patients (Zirh et al., 1998) . In addition, a recent study demonstrated that specific ablation of pathological oscillatory activity between the external globus pallidus and STN fails to rescue PD-like behaviors caused by dopamine deficiency in mice (Chan et al., 2011) . Administration of L-DOPA has been shown to enhance beta oscillations and yet relieve motor symptoms in patients with PD (Heinrichs-Graham et al., 2014) .
We propose that T-type Ca 2+ channels contribute to PD-like motor abnormalities in the thalamus by inducing rebound firing that consists of single spikes (Figures 2 and 3) . Recent studies on neurons in the thalamic lateral geniculate nucleus (LGN) revealed that T-type Ca 2+ channels contribute to single-spike responses following synaptic inhibition independently of lowthreshold burst spiking (Hong et al., 2014; Lambert et al., 2014) . This mechanism may similarly facilitate rapid post-inhibitory recovery of activity in VL neurons and thereby increase the number of neurons with rebound excitability within a brief time window, leading to a significant increase in the integrated output from the VL ( Figure 5 ; Figure S11 ), representing a novel role for T-type Ca 2+ channels in the thalamocortical relay of motor information.
Integration of Rebound Firing, a Third Relay Mode of Thalamic Neurons
Thalamic neurons are excitatory relays with two output modes, tonic and burst firing of action potentials (Guido et al., 1995; Poulet et al., 2012; Saalmann and Kastner, 2011; Sherman and Koch, 1986; Sherman and Guillery, 2002) . The tonic firing mode encodes information via the frequency of single spikes, which is proportional to signal strength. Burst firing consists of lowthreshold burst spikes attributable to the activation of T-type Ca 2+ channels (Deschê nes et al., 1984; Guido et al., 1995; Lliná s and Jahnsen, 1982) and is known to be useful for encoding information in an all-or-nothing manner (e.g., gating). Our results suggest that a third output mode, integration of rebound firing in response to inhibitory inputs, plays a crucial role in the relay of motor signals. This novel response has three defining features. First, it has a strong impact on downstream motor circuits and yields muscular responses that range from simple to complex (Figure 1) . Second, it relays information on the frequency and magnitude of inhibitory inputs (Figure 1; Figure S3) . Third, rebound firing exhibits aspects of both tonic and burst firing modes: similar to the tonic mode, rebound firing encodes input frequency, and similar to the burst mode, it has a reliable downstream impact on motor behavior when a sufficient number of neurons fire cooperatively.
Thalamic Motor Command Depends on the Population Coding Mechanism
The number of neurons that generate rebound firing appears to be critical for the induction of multiple motor problems by (E) GPm-VL inputs (Figures 2, 3, and 4 ). This suggests a population coding mechanism. Because rebound firing occurs during the entire post-inhibitory period, one may hypothesize that motor signals are generated by temporal integration of rebound firing during this post-inhibitory period. However, temporal integration of rebound firing over a short post-inhibitory period is only critical for generating functional output, leading to abnormal motor problems (Figure 4) . Consistently, WT neurons reach their peak firing rate faster than KO neurons; thus, more neurons are involved in the generation of post-inhibitory firing during the early post-inhibitory period (Figure 3) . Here, we show that the thalamus has a time-limited population coding mechanism for motor control. In conjunction with previous reports (Hong et al., 2014; Lambert et al., 2014) , our results indicate that T-type Ca 2+ channels apparently play a critical role in reducing the threshold number of neurons required for rebound firing to participate in the relay of motor signals to the cortex. In Ca V 3.1-KO neurons lacking I T , fewer VL neurons were excited during the postinhibitory period, and this failed to induce motor responses (Figures 2 and 3) . Overall, our model sheds light on potential approaches to rescue motor symptoms induced under dopamine-deficient conditions. First, reducing the number of GPm-VL inhibitory synapses by targeting molecules specifically involved in formation or maintenance could reduce post-inhibitory excitation by producing smaller IPSPs that fail to sufficiently deactivate T-type Ca 2+ channels ( Figure 5 ). Second, direct reduction of rebound firing of VL neurons by blockade of Ca V 3.1 ( Figure S11 ) may relieve motor symptoms. Our results suggest that the potential side effects of such treatments could be minimized by restricting these treatments to the specific VL thalamic area that receives GPm inputs ( Figure S1 ). Determination of the precise molecular mechanisms underlying this population coding mechanism may facilitate the identification of novel therapeutic targets, particularly for neurological disorders associated with enhanced inhibition (Ikeda et al., 2013; Tabuchi et al., 2007; van Spronsen and Hoogenraad, 2010) .
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All experimental procedures were approved by the Animal Care and Use Committee of the Korea Advanced Institute of Science and Technology (KA2012-04). Both male and female mice were used in this study. Animals were maintained on a 12:12: h light:dark cycle (light cycle beginning at 6:00 AM) at a temperature of 23 C, ad libitum conditions, and housed 6-7 mice per cage. We performed behavior experiments on WT (C57BL/6J, n = 31), Cav3.1-WT/KO (n = 10 / n = 4), SPR-WT/KO (n = 39 / n = 96) and PV-cre mice (n = 6) with over 8 weeks. Whole-cell patch-clamp recording experiments were carried out on WT (C57BL/6J, n = 8), Cav3.1-WT/KO (n = 9/ n = 7) mice with 2 weeks to 7 months ages and SPR-WT/KO (n = 3 / n = 2) mice with 10 weeks ages. In vivo spike recording experiments were performed on WT (C57BL/6J, n = 8), Cav3.1-WT/KO (n = 6 / n = 6), SPR-WT/KO (n = 5 / n = 11) with over 8 weeks ages. We performed thalamic-specific deletion of Cav3.1 experiments on double-transgenic mice of 5HTT-cre (resources) x a1G-floxed (RIKEN, RBRC01464) mice (CreÀ/À, n = 2 / Cre ± , n = 8) and 5HTT-cre x ROSA26-CAG-tdTomato (Jackson, #007914) mice (n = 2). Anterograde tracing experiments were performed on WT (C57BL/6J, n = 8) and PV-cre mice (n = 4).
We also described all the numbers of mice and neurons used in each experiment in figure legends.
METHOD DETAILS Animals
Animal care and handling were performed according to the guidelines of the Animal Care and Use Committee of the Korea Advanced Institute of Science and Technology (KAIST, Korea). Ca V 3.1-KO and WT littermates were generated by mating heterozygous mutants (C57BL/6J background). Double-transgenic mice (5HTT-Cre 3 loxp-flanked Ca V 3.1[floxed Ca V 3.1]) were generated by mating heterozygous 5HTT-Cre mice and homozygous floxed Ca V 3.1 mice with C57BL/6J backgrounds. To generate reporter mouse line, double-transgenic mice (5HTT-Cre x Rosa26-CAG-tdTomato) were generated by mating heterozygous 5HTT-Cre mice and heterozygous Rosa26-CAG-tdTomato mice with C57BL/6J backgrounds. PV Cre mice were generated by mating heterozygous transgenic (C57BL/6J background). SPR-KO and WT littermate mice were also generated by mating heterozygous mutants (C57BL/6J background). The survival of SPR-KO mice was maintained by treating daily with BH4 (Schircks Laboratories, Switzerland) in ascorbic acid (Sigma, USA) beginning on P2; N-acetyl-L-cysteine solution (Sigma) was used as a vehicle control. The dose of BH4 and vehicle are based on the method of Yang et al. (2006) . All mice were maintained on a 12:12 h light:dark cycle (light cycle beginning at 6:00 AM) at a temperature of 23 C. Food and water were supplied ad libitum.
scrambled control were injected into the right VL thalamus with Nanofil 33G blunt needles and a Nanofil syringe (World Precision Instruments) using a micro syringe pump (Eicom). 10 days after viral transduction, behavioral analysis was performed.
Light Delivery
For optogenetic stimulation experiments, 473-or 532-nm (561nm) light was provided by a diode-pumped solid-state laser (CrystaLaser, USA) controlled by a pulse generator (Agilent, USA). During behavioral tests in freely moving subjects, an FC/PCto-FC/PC patch cable (200 mm diameter, 0.39 NA; Thorlabs Inc., USA) was connected to the laser diode with an FC/PC adaptor, and the other end was coupled to the FC/PC-to-fiber optic cable (MFP_200/230/900-0.48_1m_FC-MF2.5; Doric Lenses Inc.) with an optic commutator (Doric Lenses Inc.) to allow for unrestricted rotation. A fiber-optic cannula was coupled to the patch cable with a zirconia sleeve (Doric Lenses Inc.). GPm axonal stimulation and inhibition experiments used 473-and 532-nm light, respectively, with an intensity of 1-3 mW. During in vivo recordings in head-restrained subjects, an FC/PC-to-fiber optic cable (MFP_200/ 230/900-0.48_1m_FC-MF2.5; Doric Lenses Inc.) was connected to the laser diode and fiber-optic cannula. The intensity of 473-nm light used for GPm axonal stimulation was 5-10 mW.
Open-Field Test
All mice were habituated to the testing room for 1 h immediately before the test. Each mouse was gently placed at the center of a square acrylic box (40 3 40 3 40 cm) and allowed to move freely for 90 min. Movements were monitored with an infrared video camera in a dark room. All tests were performed between 12:00 PM and 6:00 PM. The recorded data were analyzed using EthoVision XT 8.5 software (Noldus Information Technology, UK). Motor behavior was quantified in detail by two investigators blinded to the genotypes of the mice. Fine movements, including rearing, grooming and leaning, were categorized as vertical movements, and ambulation was categorized as horizontal movement.
Locomotor Activity Tests
For analyses of fine movement and locomotion during optogenetic stimulation, mice were subjected to both cylindrical-and squarechamber assays. First, mice were placed in a cylindrical glass chamber (diameter, 15; height, 20 cm) and allowed to explore the chamber and adjust to the fiber-optic cable for $1-3 min. Light stimuli (20 Hz, 5-ms pulses for 473 nm; continuous light for 532 nm) were applied in 3-5 sessions, with each session lasting for 15-20 s. After the sessions, mice were placed directly in a acrylic chamber (25 3 28 3 22 cm) and allowed to explore for 1-3 min, and the same light stimulation sessions were repeated. The assay was performed between 1:00 PM and 6:00 PM in a dimly lit room and recorded with a camcorder (Handycam; Sony Electronics Inc., USA) at a sampling rate of 25 samples/s. The video recordings were analyzed using EthoVision XT 8.5 (Noldus Information Technology).
Rigidity Test
The front paws of a mouse were positioned on a 2-mm horizontal wire bar 4 cm above the ground, and the latency to paw release was analyzed. Three trials were performed for each mouse, with each trial lasting for 1 min; the results for each mouse are presented as the average of the three trials. The test was performed between 12:00 PM and 6:00 PM.
Tremor Test
Each trial lasted for 30 min, and all trials were video-recorded. The test was performed between 12:00 PM and 6:00 PM. The intensity of tremor was scored by two independent investigators blinded to group-identifying information. Tremor intensity was rated on a scale of 0 to 4, as described by Lars M. Ittner et al. (Ittner et al., 2008) , where 0 indicates no tremor, 1 intermittent slight tremor, 2 intermittent tremor, 3 strong tremor with rare quiescent periods, and 4 continuous tremor.
Whole-Cell Patch-Clamp Recording to Measure Neuronal Responses to Photostimuli
Brain slices were prepared from WT and CaV3.1-KO mice 2 wk to 7 mo after the injection of AAV into the medial globus pallidus (GPm) region. Brain slices were prepared as previously described (Pettit and Augustine, 2000) . In brief, isolated brains in high-sucrose artificial cerebrospinal fluid (sACSF; in mM: 87 sodium chloride, 75 sucrose, 25 NaHCO3, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 1.25 NaH2PO4 and 25 d(+)-glucose), maintained at pH 7.4 by gassing with 95% O 2 /5% CO 2 , were sliced into 350-400-mm-thick coronal sections using a Vibratome (VT-1200; Leica, Germany). Slices were transferred to an incubation chamber filled with oxygenated ACSF consisting of (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 d (+)-glucose, 2 CaCl 2 , 2 MgCl 2 , 3 sodium pyruvate, and 1 ascorbic acid. Slices were incubated at 36 C for 30 min and were maintained at room temperature for at least 30 min prior to use. Whole-cell patch-clamp recordings were performed at 32 C under an upright microscope (FV1000MPE, Olympus, Japan) in a recording chamber perfused with 95% O 2 /5% CO 2 -aerated ACSF as the extracellular solution. For data presented in the Supplemental Information (Figure S8 ), bicuculline (10 mM; Sigma) was added to the ACSF to block inhibitory synaptic transmission. VL thalamus neurons were identified using infrared differential interference contrast (IR-DIC) optics in combination with a digital video camera (MCE-B013-U; Mightex, Canada). Whole-cell patch-clamp recordings were obtained from these neurons using glass pipettes (5-12 MU) filled with an internal solution consisting of (in mM) 130 K-gluconate, 2 NaCl, 4 MgCl 2 , 20 HEPES, 4 Na 2 ATP, 0.4 Na 3 GTP, 0.5 EGTA, and 10 Na 2 phosphocreatine. The osmolarity of the solution was 290-295 mOsm, and the pH was adjusted to 7.25 using 1 M KOH. Unless otherwise indicated, all current measurements were made using a holding potential of À60 mV.
Electrical responses were acquired with a patch-clamp amplifier (Multiclamp 700B; Molecular Devices, USA) and pClamp software (Molecular Devices), digitized at 20 kHz using an A-D converter (Digidata 1440A; Molecular Devices), and analyzed using Clampfit (Molecular Devices). In parallel with the patch-clamp recordings, photostimuli were applied through a 25x (1.05 NA) water-immersion objective lens; the entire width of the microscope field (500 mm diameter) was illuminated. A mercury arc lamp (USH-1030L; Olympus), used to provide light to activate ChR2, was filtered using a band-pass filter (465-495 nm). Light pulses (5 mW/mm 2 , 10-ms duration) were applied at 20 Hz for 10 s, controlled by an electronic shutter (Uniblitz VS25; Vincent, USA).
Whole-Cell Patch-Clamp Recording to Observe Rebound Firing in Thalamic Neurons
Adult male mice (7-19 weeks old) were anesthetized by i.p. injection of avertin (2, 2, 2-tribromoethanol), and sacrificed. The isolated brains were immersed in ice-cold artificial cerebrospinal fluid (ACSF; in mM: 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 dextrose, 2 CaCl 2 , 2 MgCl 2 , 3 Na-pyruvate, 1 ascorbic acid, maintained at pH 7.4 by gassing with 95% O 2 / 5% CO 2 ) and were sliced into 250 mm thick coronal sections using a Vibratome (VT-1200S; Leica, Germany). The slices were transferred to an incubation chamber filled with NMDG recovery solution (in mM: 92 NMDG, 92 HCl, 30 NaHCO 3 , 2.5 KCl, 0.5 CaCl 2 , 10 MgSO 4 , 1.2 NaH 2 PO 4 , 20 HEPES, 5 Na-ascorbate, 3 Na-pyruvate, 2 thiourea, 25 dextrose, maintained at pH 7.4 by gassing with 95% O 2 / 5% CO 2 ) for 15 min at 36 C. Then the slices were maintained in oxygenated ACSF at room temperature for at least 1hr prior to use. VL thalamus neurons were recorded in oxygenated ACSF at 28-30 C and visualized under an upright microscope (BX-51WI; Olympus, Japan). Whole-cell patch clamp recordings were performed using glass pipettes (3-4 MU) filled with internal solution (in mM: 130 K-gluconate, 2 NaCl, 4 MgCl 2 , 20 HEPES, 4 Na 2 ATP, 0.4 Na 3 GTP, 0.5 EGTA, pH 7.25, 290-295 mOsm). VL thalamus neurons were ruptured at À70mv. I T was identified in voltage-clamp mode using À30 mV hyperpolarization steps (200 ms) from a holding potential of À70 mV, then 5 mV depolarization steps (500 ms) from the holding potential. Spike latency and jitter after hyperpolarization were tested in current-clamp mode. After establishing the smallest holding current (maximum, 600 pA) at which the cell spontaneously and stably fired (1-8 Hz), we applied 100 ms hyperpolarization currents, which varied from cell to cell (À215 to À400 pA), until a single rebound spike appeared after hyperpolarization. T-type calcium channels were blocked by applying 500 mM NiCl 2 (Sigma) in ACSF for at least 10 min. After confirmed the effect of NiCl 2 application by recording I T , we identified holding currents at which the cell spontaneously and stably fired (maximum, 550 pA) as described above. From these holding currents, we applied the same amount of 100 ms hyperpolarizing current as was applied prior to NiCl 2 treatment. Because of the irreversible effects of NiCl 2 treatment, we recorded only one cell per slice. To confirm the effect of T-type calcium channel on rebound firing, we performed the experiment with Cav3.1 KO mice. After establishing the smallest holding current at which the cell spontaneously and stably fired (1-8 Hz), we applied 100 ms, À300 pA hyperpolarization currents to VL thalamus neuron of Cav3.1 KO mice (Ra; 15.64 ± 1.57 Mohm, holding; À52.04 ± 11.19 pA) and wild-type mice (Ra; 14.25 ± 3.23 Mohm, holding; À74.78 ± 21.96 pA). For current clamp experiments in WT and SPR-KO mice (10 weeks old), slice preparation and recordings were made in the condition same as described above. The number of spikes was compared using repeated-measures ANOVA. Sag voltage was calculated by subtracting the peak-voltage responses from the voltage at the end of the step when À300 pA of hyperpolarization current was injected for 1 s. Student's t test was performed for comparison of sag voltage. To test the effects of DBS on VL neurons, the brains from wild-type C57BL/6J mice (2-4 weeks old) were isolated as described above. In the same bath and pipette solution conditions, the stimulating electrodes were located onto VL as close as possible ($200 mm) to neurons before the recordings were performed. The stimulus electrode was covered glass pipettes (2-3 MU) filled with ACSF solution.
As described above, spike latency and jitter after hyperpolarization were tested in current-clamp mode. After establishing the smallest holding current (maximum, 445 pA) at which the cell spontaneously and stably fired (1-8 Hz), we applied 100 ms hyperpolarization currents, which varied from cell to cell (À135 to À655 pA), until a single rebound spike appeared after hyperpolarization. DBS was delivered through the stimulating electrode for 500 ms when 100 ms hyperpolarization current was initiated. The DBS train was comprised of 0.06 ms square pulses at a frequency of 125 Hz. The intensity was varied from 0.5 to 1.9 mA, until a single rebound spike disappeared. All conditions were recorded at least three times consecutively, and latencies and standard deviations of the first spike after hyperpolarization were determined. Access resistance was routinely monitored throughout the recordings, and data were excluded if the holding current was not stable or access resistance varied by more than 20% of the initial value.
All data were acquired with a patch-clamp amplifier (Multiclamp 700B; Molecular Devices), digitized at 10 kHz with an A-D converter (Digidata 1550; Molecular Devices), and analyzed using Clampfit (Molecular Devices).
In Vivo Spike Recording with Optogenetics in a Waking State Recording Procedures VL multi-unit activity, EMGs, and cortical LFPs were recorded simultaneously in vivo following optical stimulation. For implanting head-plate and EMG electrodes, opsin-expressed mice were anesthetized with avertin (20 mg/ml of tribromoethanol, 20 ml/g i.p.) and placed in a stereotaxic device (David Kopf Instruments). A custom-designed head-plate with a circular window (1 cm diameter) was implanted by cementing to the skull with Super-Bond (Sun Medical Co., Japan) and dental cement (Stoelting). For recording muscle activity of the forelimb, an EMG electrode, fabricated using the method described by Pearson et al. (2005) , was bilaterally implanted in the lateral part of the triceps brachii muscle. For recording muscle activity of neck muscles, two Teflon-coated tungsten EMG electrodes (diameter, 0.002 and 0.004 mm without and with Teflon coating, respectively; A-M Systems Inc., USA) were implanted in the neck. All connectors were fixed to the head-plate with dental cement (Stoelting). For recording cortical LFPs, a tungsten System; Harvard Apparatus, USA). After making a single incision in the scalp, the skull was exposed, a hole was made above the VL region, and a quartz-coated tetrode (5-2 MU; Thomas Recording, Germany) was implanted into the VL thalamus (À0.825 mm AP, À1.0 ML, À3.3-3.5 DV). Signals were amplified $95-fold using an AC amplifier (PGMA; Thomas Recording). Acquired signals were filtered with a 300-5 kHz band-pass filter for measurement of multi-unit activity or a 0.50-50 Hz band-pass filter for the measurement of LFP, and digitized at a sampling rate of 10 kHz (DT3010; Neuralynx, USA). The location of the tetrode in the brain was confirmed by briefly dipping the tip of the tetrode in fluorescent dye solution (DiI, 50 mg/ml; Sigma) before implantation. The position of the electrode in brain slices was visualized by fluorescence microscopy (IX51; Olympus) using a rhodamine filter. To examine the effect of pharmacological inhibition of T-type calcium channel, ethosuximide (150mg/kg, i.p.) was treated during the recording experiment in SPR-KO mice. For the optogenetic inhibition of GPm-VL synapses in SPR-KO mice, the recording experiment was performed after injecting the virus to express eNpHR3.0 (detailed protocol for the injection is described in previous section). Customized optrode was utilized for the recording.
Analysis of Rebound Firing
The rebound firing were identified from total multi-unit activities extracted from the spikes in each tetrode using threshold-based Spike Extractor software (Neuralynx) . The onset time for rebound firing was identified as the time when the firing rate was increased over the mean firing rate, after the inhibitory period (over 50-ms) which shows lower firing rate than the mean. Because the reliable mean firing rate could not be computed within short duration, alternative method was utilized in the recording dataset shorter than 30 s. The 50-ms window was shifted every 10 ms and the firing rate was computed in each window. In cases where the firing rate steadily increased in three consecutive windows, the starting point of the second window was defined as the point at which firing rate increased. Since the firing rates in the first window was lower than basal activity, this method successfully identify the post-inhibitory activities.
In Vivo Spike Recording during Natural Resting-Running Transitions Mice were anesthetized with avertin (20 mg/ml of tribromoethanol, 20 ml/g i.p. injection) and placed in a stereotaxic device (David Kopf Instruments). Mice were prepared for recording on the running wheel by cementing a custom-designed head-plate with a window opening above the right VL thalamus to the skull with Super-Bond (Sun Medical Co.) and dental cement (Stoelting). A small screw, serving as a ground electrode, was implanted in the skull above the cerebellum. Behavioral Training Mice were trained to voluntarily run on the wheel with their head fixed. The implanted head-plate was clamped to a holder device, which was modified from Royer et al. (2012) . Wheel rotation was detected by a light beam sensor that reads 3-step scaled opacity markers (opaque, semi-opaque, and transparent) on a distance meter attached to the running wheel. The direction and the distance moved by mice were detected by sensing the order and number of markers in the rotating wheel. Sucrose-in-water (20%) was delivered by peristaltic pump. A light beam sensor and peristaltic pump were connected to a computer via an Arduino UNO 3.0 board (Arduino, Italy) and controlled by a custom-designed Arduino program. Mouse movement and reward delivery were recorded by a custom-designed Python program. Training sessions were started more than 2 days after surgery to allow recovery. Mice were mildly water-deprived for 5-8 h before training. When a mouse ran more than the conditioned distance (about 15 cm, 6 blocks in the distance meter) within 5 s, it was rewarded with sucrose-in-water. Training was continued over 4 d (20 min/d) until each mouse had run more than 10 times during the training session.
Recording Procedures
For recording awake, behaving status (Figure 6 ), mice were anesthetized with isoflurane (1.5% in oxygen), and their heads were fixed to a holder device. The skull above the right VL thalamus (1.0 mm AP, À1.0 ML) was drilled to make a hole, and the dura was removed to allow insertion of a silicon probe (16 channels separated by 25 mm; NeuroNexus, USA). The probe was fixed to a micromanipulator and lowered into the brain. After reaching the VL thalamus, the hole was sealed with 1.5% liquid agar applied at near body temperature. After the mice had completely recovered from the anesthesia, a recording session was started and typically lasted for 60 min. Mouse behavior and reward delivery were recorded as text in a computer file, and video was recorded for detailed behavioral analysis using the Cheetah acquisition system (Neuralynx) . Neural signals were recorded with the Cheetah 16-channel acquisition system (Neuralynx) and band-pass filtered at 0.5-50 Hz for LFP and 3-5 kHz for single-unit activity. For optogenetic experiments, recordings were performed more than 3 wk after virus injection. A 16-channel A-series silicon optrode (NeuroNexus) or custom-designed optrode was used for multichannel recording with optic stimulation. TTL signals for controlling the DPSS laser (CrystaLaser) were recorded with neural signals. The optrode was customized from Anikeeva et al. (2011) . The tetrode was made with 4-fold twisted polyimide-coated NiCr wires (PF002005; Kanthal Precision Technology), and each wire was attached to an electrode interface board (EIB-16 board; Neuralynx) with gold pins (Neuralynx) . Four tetrodes were attached to an optic fiber (inner diameter: 200 mm), extending 0.5-1.0 mm below the optic fiber. Optrode and electrode interface boards were assembled into a custom-designed holder device, which could be connected to a stereotaxic arm. The impedance of each tetrode channel was reduced by electrocoating with colloidal gold (Neuralynx) using a Nano-Z kit (Neuralynx) . The impedance of each recording channel was 150-350 kU. Classification of the Behavioral States A 20 min period when mice were active was selected for analysis. Behaviors were classified into five categories; Rest (Nogo), Go transition (Nogo to Go), Movement (Go), Stop transition (Go to Nogo), and other behaviors. Rest and Movement were determined when the mice showed no movement (Rest) or actively ran (Movement). Other behaviors except runs, such as licking and grooming, were not included in the Movement category. Complete moving and resting states were classified by removing periods 3 s before and after active movement, and 1 s before and after subtle movement. Go and Stop transitions corresponded to initiation (Go transition) and termination (Stop transition) of a run, respectively. Behavior was considered a Go transition only when mice showed no movement for 3 s before movement initiation, and actively ran for more than 3 s after movement initiation. Behavior was considered a Stop transition only when mice actively ran and slowed down for 3 s before movement termination, and did not move for 3 s after movement termination. The precise times of Go and Stop transitions were determined by analyzing video recordings (29.97 frames/s) with frame-scale, and synced with a single-unit recording system (TS clock in the Cheetah acquisition system). Analysis of Post-inhibitory Activity Since the firing rate was vigorously changed according to behavioral states, the method utilized in anesthetized mice was adjusted as the 200-ms window shifted every 100 ms. The other procedures were the same as in the anesthetized mice. The incidence ratio in each frequency range was calculated in consecutive post-inhibitory activity events (at least 2 events) during rest (Nogo) states.
Histology and Immunohistochemistry
Mice were deeply anesthetized with avertin (20 mg/ml of tribromoethanol, 20 ml/g i.p.) and perfused first with heparin and then with 4% formaldehyde, diluted in phosphate-buffered saline (PBS). Brains were removed and post-fixed overnight at 4 C. Coronal sections (40 mm thick) were acquired using a vibratome (Leica VT1000S; Leica) and collected in PBS. Slices were mounted onto glass slides with Vectashield mounting medium containing 4', 6-diamidino-2-phenylindole (DAPI; Vector Labs, UK). For the immunostaining of CaV3.1, brain slices (20 mm thick) were incubated first with CaV3.1 primary antibody (Alomone Labs, USA) and then with avidin-biotin-peroxidase complex. Brain slices were visualized under a ScanScope CS/GL scanner (ss5060; Aperio Technologies) (Kim et al., 2011) .
To confirm the region specificity of 5HTT-Cre mice, immunostaining for the tdTomato fluorescent were performed in double-transgenic (5HTT-Cre x Rosa26-CAG-tdTomato) mice. Permeablization were performed in 0.5% Triton X-100 (Sigma Aldrich) in PBS (PBST) for 20min and blocking were performed in 10% normal donkey serum (Sigma Aldrich) in 0.3% PBST for 1hr. Brain slices were incubated with 1:500 rabbit anti-mCherry antibodies (BioVision, Mountain View, CA) in 0.3% PBST for overnight at room temperature (RT). After washing in 1x PBS, the slices were then incubated with 1:300 donkey anti-rabbit Alexa Fluor 594 (Jackson immune research, 711-585-152) in 0.3% PBST for 1hr at RT. Slices were mounted with Vectashield mounting medium containing 4',6-diamidino-20phenylindole (DAPI, H-1200; Vector Labs). Confocal images were acquired with LSM780 confocal microscope (Carl Zeiss) equipped with a Plan-Apochromat 20x/0.8 M27 objective.
QUANTIFICATION AND STATISTICAL ANALYSIS
All graphed values are shown as mean ± standard error of the mean (SEM). The ''n'' in figure legends represents ''animals'' in behavior, tracing experiment and ''cells'' in patch clamp and in vivo spike recording experiments. All statistical analyses were performed using Sigmaplot 12 software or custom codes in MATLAB (math Works) and Python. Parametric data were analyzed by paired, unpaired t test or two-way ANOVA followed by the Sidak, Holm's correction for comparisons of multiple samples. Non-parametric data were analyzed by the Mann-Whitney rank sum test or Wilcoxon signed-rank test. Probability distributions were compared using the Kolmogorov-Smirnov test. Difference in proportions was compared using chi-square tests. Statistical details of experiments (statistical tests used, exact value of n, what n represents) can be found in the results and figure legends. p values < 0.05 were considered statistically significant.
DATA AND SOFTWARE AVAILABILITY
The licenses for MATLAB, Sigmaplot and SpikeSort 3D software (Neuralynx) are commercially available. Python program can be downloaded at https://www.python.org/. All quantification and analysis methods used in the custom scripts were described in Method Details section. Further requests for custom codes and data in this study can be directed to the corresponding author (daesoo@kaist.ac.kr).
